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ABSTRACT
Skeletal muscle Na Harlan Teklad, WI) and had free access to water. After three or eleven weeks, chow-fed and fat-fed rats were randomly assigned to two subgroups: exercised-trained or sedentary control.
MATERIALS AND METHODS

Materials
Exercise-trained rats were acclimated to swimming for 10 min per day for two days, and thereafter, subjected to two three-hour swimming exercise bouts, separated by one 45-min rest period per day, for 5 days (9 measurements were performed with a FLM flame photometer (Radiometr, Denmark).
Muscle incubations and glucose transport. Media was prepared from a pre-gassed (95% O 2 /5% CO 2 ) Krebs Henseleit buffer (KHB) containing 5 mM Hepes and 0.1% BSA (RIA grade). EDL muscles were preincubated in a shaking water bath (30°C) for 20 min in 2 ml of KHB containing 5 mmol/l glucose and 15 mmol/l mannitol, without (basal) or with insulin (100 µU/ml and 20000 µU/ml). After preincubation, muscles were incubated at 30°C for 10 min in glucose-free KHB containing 20 mmol/l mannitol with and without insulin. phospholemman (Fxyd1) (GenBank NM031648.1) CATGGCCAGTGCAGAAGCT (F) and CGCAGGGTGTGGTAATCGT (R). All samples were run in duplicate and the relative quantities of different mRNA transcripts were calculated after normalization of the data against actin-β, as endogenous controls, using relative quantification method.
Cell surface biotinylation. Epitrochlearis muscles were incubated (30 min) in a shaking water bath (30°C) in 2 ml of KHB, supplemented with 5 mM glucose and 15 mM mannitol, with or without 120 nM insulin. After incubation, muscles were washed three times with icecold PBS and incubated with biotinylated reagent as described previously (2). Epitrochlearis muscles were exposed to EZ-link Sulfo-NHS-SS-biotin at final concentration 1.5 mg x ml -1 in PBS at 4 o C for 60 min with gentle shaking. Thereafter, medium was aspirated and un-reacted Sulfo-NHS-SS-biotin was quenched with PBS containing 100 mM of glycine. Isolated skeletal muscle was washed three times with ice cold PBS, and excess PBS was aspirated.
Before solubiluzation, epitrochlearis muscles were frozen and pulverized in liquid nitrogen.
Samples were solubilized in 1 ml of ice-cold lysis buffer containing 20 mM Tris pH 8.0, 135 mM NaCl, 1 mM MgCl 2 , 2.7 mM KCl, 10 mM Na 4 P 2 O 7 , 10 mM NaF, 1 mM Na 3 VO 4 , 1 µM Preparation of nuclear extracts. Nuclear extracts were prepared as described (6).
Gastrocnemius muscle (50 mg of wet wt) were homogenized in 4 ml of buffer A (10 mM Hepes, pH 7.5, 5 mM KCl, 10 mM Mg Cl 2 , 0.1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 1 mM PMSF, 2 µg/ml each of aprotinin, leupeptin and pepstatin A), by Polytron at a low speed (setting 4, 2 x 20 sec). Homogenates were centrifuged at 3000 x g for 15 min at 4°C.
Pellets were re-suspended in 1.5 ml of buffer B (20 mM Hepes, pH 7.9, 25% glycerol, 500 mM NaCl, 1.5 mM Mg Cl 2 , 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, 2 µg/ml each of aprotinin, leupeptin and pepstatin A), and nuclear proteins were extracted on ice for 30 min with intermittent mixing of the suspension. Samples were centrifuged at 3000 x g for 5 min at 4°C. Supernatants (~1 ml) were transferred to a 5000 nominal molecular weight limit, 4 ml Ultrafree Filter Units (Millipore, MA) and diluted 3 times with binding buffer (20 mM Hepes, pH 7.9, 10% glycerol, 40 mM KCl, 2 mM Mg Cl 2, 1 mM DTT, 1 mM PMSF, 2 µg/ml each of aprotinin, leupeptin and pepstatin A). Ultrafree Filter Units were centrifuged at 4500 g, 4 o C, until volume was reduced to 300-400 µl. Nuclear protein extracts were transferred to microcentrifuge tubes and assayed for total protein using the Bradford assay (Bio-Rad, CA) and stored at -70°C.
Electrophoretic mobility shift assay. Oligonucleotides for the consensus binding sites for myocyte enhancer factor 2 (MEF2), zinc finger/homeodomain protein (ZEB), Sp-1, AP-1 and NF-1 transcription factors were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Oligonucleotides were end-labeled with T4 polynucleotide kinase. Labeled oligonucleotide probes (0.5 ng) were incubated with 2 µg of nuclear extract in a 20 µl reaction containing 1 µg poly(dI-dC), 40 mM KCl, 5 mM MgCl 2 , 15 mM Hepes, pH 7.9, 1 mM EDTA, 0.5 mM DTT and 5% glycerol for 20 min at room temperature. For competition studies, extracts were pre-incubated with a 40-fold molar excess of unlabelled oligonucleotide for 10 min before addition of the radiolabeled probe. Samples were analyzed on a non-denaturing 6 % polyacrylamide (38:1 acrylamide/bisacrylamide) gel buffered with Tris borate-EDTA (TBE; 22 mM Tris, 22 mM boric acid and 0.5 mM EDTA) and run at 200 V for 2 h at 4°C. Dried gels were exposed on a PhosphoImager.
Statistics. Data are presented as mean ± SEM. Students t-test was used to assess differences
between two treatments within a group. All other differences were determined by repeatedmeasures ANOVA. The Fischer's LSD post hoc analysis was used to identify specific differences occurred between results, with significance taken when P < 0.05
RESULTS
Animal characteristics and validation of the efficiency of the diet intervention and exercise
training protocol. The 5 day swimming exercise protocol used in the present study increases GLUT4 expression and leads to a coordinated change in the expression of proteins involved in insulin signaling in rat epitrochlearis muscle (9). To fulfill the aim of the study, in addition to the epitrochlearis muscle we have also utilized the extensor digitorum longus (EDL) and the white gastrocnemius (WG) muscle because of they have a similar fast-twitch glycolitic phenotype and fiber-type characteristics (14, 22).
Regardless of diet, exercise training increased protein expression of GLUT4 and HKII 2-fold in white gastrocnemius muscle (P< 0.01, Fig. 1A ,B), a tissue utilized for the most of assays performed in the study. Expression of these proteins was unaltered by high-fat diet in sedentary rats. Thus, high-fat diet alone does not affect either the expression or the exercisemediated up-regulation of these proteins which are believed to be important for glucose transport and the initial steps of glucose metabolism in skeletal muscle.
To further characterize the effects of diet and exercise training intervention, we assessed the expression of mitochondria markers UCP3, SUO and COXI and measured citrate synthase activity in white gastrocnemius muscle. High-fat diet or exercise training alone increased the expression of UCP3 2-fold (P<0.01), however, UCP3 expression was further increased 1.5-fold after exercise training (P<0.05) (Fig 1C) . Importantly, the high-fat diet alone tends to increase the mitochondria oxidative potential markers in skeletal muscle ( Fig. 1C-F) , as previously reported (18) . However, significant increases in the expression of the mitochondria markers SUO and COXI, as well as citrate synthase activity was only noted in response to exercise training regardless of high-fat diet (Fig 1D-F) .
Fasting plasma insulin, FFA and muscle triglycerides for these animals have been previously reported in (27). Body weight was unaltered by either exercise training or high-fat feeding. However, omental fat pad weight was increased 3-fold after 4 weeks of high-fat feeding (P<0.01). Exercise training reduced omental fat pad weight in high-fat-fed rats to levels observed in chow-fed sedentary rats (27). Glucose tolerance was impaired in rats fed with high-fat diet a for 3 weeks ( Fig. 2A) . After 11 weeks of high-fat diet the glucose intolerance was more pronounced, with significantly elevated fasting blood glucose levels compared to chow fed rats ( 
P<0
.05) after 3 weeks on the high-fat diet and 4.1 ± 0.1 mEq/l for chow-fed sedentary rats vs. 4.5 ± 0.2 mEq/l for high-fat-fed rats after 11 weeks on high-fat diet, (n=6-7, P=0.08)).
Insulin-stimulated glucose transport in isolated EDL muscle. Glucose transport was assessed in the presence of submaximal or maximal concentrations of insulin (100 µU/ml and 20,000 µU/ml, respectively) in isolated EDL muscle ( Fig. 2C and D) . Rats were subjected to chow or high-fat diet for 4 (Fig. 2C) or 12 (Fig. 2D) weeks. After 4 weeks of high-fat diet, insulin-stimulated glucose transport in EDL muscle was unaltered between chow and fat-fed sedentary rats. Exercise-training tended to increase insulin-stimulated glucose transport activity in chow and fat-fed rats, but these differences were not significant (Fig. 2C ). After 12 weeks high-fat diet, insulin responsiveness was impaired, as evident by a profound (32 %) decrease in glucose uptake in isolated EDL muscle (Fig. 2D ). Exercise training restored insulin action on glucose transport fat-fed rats (Fig. 2D) . (Fig. 3C ), in parallel with results of ouabain binding (Fig. 3A) . Exercise training resulted in a significant increase in the plasma membrane fraction Na (Fig. 4C ), but increased in chow-fed rats in response to exercise training (Fig. 4C) . β 2 -subunit mRNA content was unaltered by high-fat diet, but decreased in response to exercise training (Fig. 4D ). mRNA expression of phospholemman (PLM, FXYD1), a Na Immunoblot analysis was used to determine whether high-fat diet or exercise training alters Na + -pump expression in crude membranes prepared from gastrocnemius muscle.
Effect of diet and exercise training on [
Protein expression of the α 1 -subunit in the crude membrane fractions was increased in fat-fed versus chow-fed sedentary rats (Fig. 5A) , similarly to the results for α 1 mRNA expression (Fig. 4A) . HFD decreased α 2 -subunit protein expression 50% (P<0.01) compared to chowfed sedentary rats (Fig. 5B) , contrary to the α 2 -subunit mRNA expression (Fig. 4B) . The magnitude of decrease in α 2 -subunit protein expression as determined by immunoblot analysis corresponded with the reduction in [ 3 H]ouabain binding (Fig. 3A) . In fat-fed rats, exercise training completely restored α-subunits expression to levels observed in chow-fed sedentary rats ( Fig. 5A and B) . Exercise training was without effect on Na weeks of high-fat diet (Fig 5E -H) .
High fat diet increased PLM protein content in skeletal muscle in sedentary rats (Fig.   6A ). Exercise training restored the PLM protein content sedentary chow-fed levels (Fig. 6A) .
PLM phosphorylation at Ser 68 was unaltered by high-fat diet, despite the increase in protein expression suggesting that relative PLM phosphorylation at Ser 68 per protein was decreased ( Fig. 6 A and B) . Exercise training increased PLM phosphorylation at Ser 68 102 % in either chow-or high-fat fed rats ( (Fig. 7A and B) . The α  -subunit abundance was similar among all treatment groups (Fig. 6A ), contrary to total α  -subunit expression profile (Fig. 3A) .
Although the measurement of the Na 
DISCUSSION
High-fat diet causes mild insulin resistance in rodents (17, 20, 59 ). Here we demonstrate that four weeks of high-fat diet in Wistar rats leads to coordinated alterations in skeletal muscle expression of Na intake. However, in contrast to Choi et al (10), the high fat diet and the chow diet used in the current study had similar K + content. Furthermore, in the current study skeletal muscle α 1 subunit expression was increased and β 2 subunit expression was unaltered in fat fed rats, which is contrary to effects noted with K + depletion (51). Moreover, plasma FFA levels were elevated after 4 weeks of HFD (27), in contrast to Choi et al (10). Thus, the observed effects of HFD noted in the present study are likely to be directly attributable to the increased fat content, and not due to K + depletion.
In the present study, the four week high-fat diet increased omental fat pad mass, plasma FFA concentration and skeletal muscle triglyceride content (27). Previous studies have shown that an accumulation of central-visceral fat strongly correlates with features of the metabolic syndrome and development of insulin resistance (28) in rodent and humans.
Increased skeletal muscle triglyceride content also associates with the metabolic syndrome. Thus, the high fat feeding protocol utilized in the present study mimics the style-induced pre-symptomatic stage of metabolic syndrome. In rats maintained on a high-fat diet for 12
weeks, a profound decrease in insulin-stimulated glucose uptake in isolated EDL muscle was noted. The pattern of skeletal muscle expression of Na assessing the expression of the ouabain-sensitive α 2 isoform (11, 44). In the present study, exercise training has no effect on the expression of α 1 , α 2 , and β 1 subunit isoforms, while expression of the β 2 -subunit was reduced. In skeletal muscle, α 2 interacts with β 1 preferably (32). The dissociation between mRNA and protein expression for α 2 and β 1 suggest that the high-fat diet induces post-translational regulation of α 2 and β 1 proteins. Conversely, α 1 and β 2 showed a tight association between mRNA and protein levels. Taken together, these results indicate that Na, K-ATPase isoforms are regulated at both mRNA and protein levels.
Although exercise training has no effect on α 1 , α 2 and β 1 subunit expression, the high-fat feeding induced changes in the expression pattern of these subunits was restored to levels observed in chow-fed rats. The mechanism of this restoration of Na The expression of the β 2 -subunit was reduced on mRNA and protein levels by training regardless of diet. The β 2 subunit has been revealed to be an adhesion molecule in the glia (16) . Whether the β 2 subunit is involved in cell adhesion in skeletal muscle is unknown. Moreover, we cannot exclude the possibility that the exercise-induced decrease in β 2 expression may be related to muscle damage and remodeling after exercise.
Previous studies have reported increased PLM expression in response to prolonged treadmill exercise training (42). The discrepancy between the present and previously published data could be due to differences in the duration and intensity of the exercise training protocol. We did not found an increase in PLM expression with exercise training but did observe increased PLM expression and decreased PLM phosphorylation with high-fat diet. We found that exercise training leads to increase in Na Sp-1 DNA binding activity was markedly suppressed in nuclear extracts from skeletal muscle obtained from sedentary fat-fed rats, suggesting Sp-1 may regulate α 2 -and β 1 -subunit expression. However, Sp-1 DNA binding activity does not correlates with α 2 -and β 1 -subunits mRNA content. Thus, the regulation α 2 -and β 1 -subunit protein expression by highfat diet may occur on a translational or mRNA degradation level, rather than a transcriptional level.
ZEB (AREB6) is expressed in heart and skeletal muscle and has been identified as a specific transcription factor regulating rat α 1 -subunit gene (24, 57). Interestingly, we found ZEB binding sites on FXYD1 promoter at position -270 to -295 and -329 to -354, relative to the +1 transcription site. High-fat diet increased skeletal muscle ZEB DNA binding activity.
In contrast, exercise was without effect on skeletal muscle ZEB binding activity. ZEB serves as a negative regulator of skeletal muscle differentiation (40, 41) by specifically binding to MEF2 and blocking the transcriptional activity (40). Here we confirm that MEF2 DNA binding is increased in rat skeletal muscle following exercise training, similar to studies in humans (58) , and paralleling the increase in GLUT4 protein expression. MEF2 activity is essential for skeletal muscle differentiation (37). In adult skeletal muscle MEF2 is essential for the expression of glucose transporter GLUT4 (49). Given the increase in ZEB activity in response to high-fat diet, we hypothesized that activated ZEB enhanced and coordinated 
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